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(57) ABSTRACT

The present invention generally relates to the field of large
area lighting, such as lighting for sport venues. More spe-
cifically, some embodiments of the present invention relate
to controlling solid state illumination for various applica-
tions including sports lighting, architectural lighting, secu-
rity lighting, parking, general area, interior, larger area and
others. Embodiments according to aspects of the current
invention monitor lighting circuits with regard to voltage
and current, compare readings with stored models, charac-
terize lighting circuits with regard to stored models for
voltage and current, and control lighting circuits in accor-
dance with desirable outcomes.
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1
APPARATUS, METHOD, AND SYSTEM FOR
LED FIXTURE TEMPERATURE
MEASUREMENT, CONTROL, AND
CALIBRATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 to
provisional application Ser. No. 61/404,291 filed Sep. 30,
2010, herein incorporated by reference in its entirety.

1. BACKGROUND OF THE INVENTION

The present invention generally relates to the field of large
area lighting, such as lighting for sport venues. More spe-
cifically, some embodiments of the present invention relate
to controlling solid state illumination for various applica-
tions including sports lighting, architectural lighting, secu-
rity lighting, parking, general area, interior, larger area and
others.

LED lighting has many potential advantages for use in
large area lighting. These benefits may include long life,
efficient lighting, high intensity lighting, variability, etc.
Optimizing these benefits is one goal of the lighting designer
which would be facilitated by being able to measure opera-
tional status of LEDs.

Several known conditions affect normal LED operation.
First, light output from LEDs normally varies as a function
of junction temperature. During normal operation, LED
junction temperature begins at ambient temperature, then
increases until after some elapsed time period when thermal
equilibrium is attained. During this elapsed time period, as
junction temperature increases, output lumens per input watt
decrease, which normally results in decreased fixture lumen
output, since LED drivers typically provide a constant
current level regardless of ambient temperature or LED
temperature. Thus an LED fixture typically provides the
most light when first powered on, and decreases in output as
it warms up until it reaches thermal equilibrium.

Local climatic conditions also affect LED operation. A
light being operated in cooler conditions will start at a lower
temperature, initially put out a greater amount of light, and
take longer to warm up to thermal equilibrium. Conversely,
a light being operated in warmer ambient conditions will
initially not deliver as much light, and will not take as long
to reach thermal equilibrium.

For example, in the case of an LED fixture having a fixed
power of 100 watts (W), operating in “normal” ambient
conditions—possibly 70° F.—in order to achieve 30 foot
candles (fc) illumination at steady-state conditions, it will
provide much more than 30 fc, possibly on the order of 30%
more, when it is cold and is first turned on. If the current
could be reliably controlled, it might be possible to operate
the fixture at 70 watts initially, gradually increasing the
power as the fixture approached thermal equilibrium. Thus,
for a time, the fixture would operate at reduced power,
thereby reducing operating cost and reducing degradation of
the LEDs.

If the same light is operated at low ambient temperatures,
such as cold outdoors, ice rink, etc., a way to control current
while maintaining the desired illumination level might make
it possible to operate at 50 W initially and still provide 30 fc
illumination.

If the same light is operated at high ambient temperatures,
e.g. possibly desert conditions, the same lamp might operate
at 90 watts initially for a 30 fc output. From the initial higher
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starting temperature, temperature will rise rapidly and out-
put will decrease rapidly since heat is lost less quickly in
higher ambient temperatures. Thus wattage required to
maintain 30 fc will increase rapidly and lumen output per
watt will decrease accordingly. Also, the thermal equilib-
rium point will be higher, which would typically reduce light
output below the desired level, since the LEDs would be
operating at a higher steady-state temperature. Thus a way to
control current while maintaining the desired illumination
level might make it possible to compensate for the opera-
tional differences and still provide 30 fc illumination. How-
ever in high ambient temperatures, and for LEDs operated at
relatively high power levels, there is a risk of operating at an
unacceptably high junction temperature, which can result in
decreased life expectancy or premature failure.

Therefore, a way to manage LED fixtures and/or light
sources which would reduce or eliminate the variance
between initial and steady-state operation and/or compen-
sate for the additional variance of ambient conditions would
be highly desirable.

Furthermore, LEDs experience lumen loss, which is a
gradual reduction over time in their ability to produce light.
The rate of lumen loss is related to the junction temperatures
and currents applied over time. Lumen loss is greater when
LEDs are operated at higher temperatures and at higher
currents. Thus reducing junction temperature and/or oper-
ating current for a portion of the operating time will reduce
the degradation of the LED, extending its useful life. Thus,
there is room for improvement in the art.

LED manufacturers typically provide information about
an LED product only under limited operating conditions.
For example, they may supply a comparison of forward
voltage, current, and lumen output at 25° C. Since most LED
fixtures will not operate at a steady temperature of 25° C.,
much more information about LED performance in situ
would be of great benefit in the industry. Therefore, the
ability to characterize LED light sources with regard to
operational conditions and states is very desirable. This
particularly includes information regarding lumen output
and potential failure conditions, junction temperature vs.
current vs. forward voltage

LEDs for area lighting are normally operated in fixtures
containing multiple LEDs. These multiple LEDs are often
connected in series ‘strings’ which can make fixture design
and control more economical or provide better lighting.
However, this introduces additional components into the
operating circuit which can make it more difficult to observe
LED operational status. Methods to account for these addi-
tional components as a part of observing light source and
fixture status would be highly beneficial in the industry.

It is therefore a principle object, feature, advantage, or
aspect of the present invention to improve over the state of
the art or address problems, issues, or deficiencies in the art.

II. SUMMARY OF THE INVENTION

Embodiments according to aspects of the current inven-
tion monitor lighting circuits with regard to voltage and
current, compare readings with stored models, characterize
lighting circuits with regard to stored models for voltage and
current, and control lighting circuits in accordance with
desirable outcomes.

Further embodiments according to aspects of the current
invention monitor lighting circuits with regard to voltage
and current, compare readings with stored models, charac-
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terize lighting circuits with regard to voltage, current, and
time, and control lighting circuits in accordance with desir-
able outcomes.

Further embodiments according to aspects of the current
invention monitor lighting circuits with regard to voltage,
current, and time, compare readings with stored models,
characterize lighting circuits with regard to voltage, current,
and time, and control lighting circuits in accordance with
desirable outcomes.

Further embodiments according to aspects of the current
invention monitor lighting circuits with regard to voltage,
current, and time, compare readings with stored models,
characterize lighting circuits with regard to voltage, current,
and time, and temperature, and control lighting circuits in
accordance with desirable outcomes.

Further embodiments according to aspects of the current
invention monitor lighting circuits with regard to voltage,
current, and time, compare readings with stored models,
characterize lighting circuits with regard to voltage, current,
time, temperature, and lumen output, and to control lighting
circuits in accordance with desirable outcomes.

Further embodiments according to aspects of the inven-
tion model or characterize solid state lighting circuits with
regard to one or more of the following: “dynamic resis-
tance,” lumen output, number of operating or failed lighting
units, number of circuits substituted for failed lighting units,
temperature, predicted temperature change due to thermal
mass; control lighting circuits to create desirable outcomes,
using both closed-loop and open loop control strategies to
provide certain benefits or control certain parameters. Open-
loop strategies are used to provide benefits including but not
limited to failure control or mitigation based on previously
established limits by limiting or eliminating current flow in
a lighting circuit. Closed-loop strategies are used to provide
benefits including but not limited to iteratively adjusting
current to provide desired results in the lighting circuit such
as controlling (decreasing or increasing) temperature,
increasing or decreasing efficacy, increasing or decreasing
efficiency, increasing or decreasing longevity, increasing or
decreasing lumen output.

III. BRIEF SUMMARY OF THE DRAWINGS

FIG. 1 shows a typical lighting system using an AC power
source, driver, supply wiring, and LED fixture.

FIG. 2 shows a block diagram of an embodiment accord-
ing to aspects of the invention.

FIG. 3 shows a flow chart illustrating an algorithm for
LED fixture control according to aspects of the invention.

FIG. 4 shows a chart representing a “current curve”
exemplifying measured voltage vs. current for a string of
LEDs at various temperatures.

FIG. 5 shows a table illustrating resistance in Ohms vs.
voltage for certain LEDs according to aspects of the inven-
tion.

FIG. 6 shows a graph illustrating resistance in Ohms vs.
voltage for certain LEDs according to aspects of the inven-
tion.

FIG. 7 shows a model of temperature vs. voltage vs.
current for a single LED as determined experimentally.

FIGS. 8-9 show top and bottom component outline views
of an embodiment according to aspects of the invention.

IV. DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS OF THE INVENTION

Background

LED lighting has many potential advantages for use in
large area lighting. These benefits may include long life,
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4

efficient lighting, high intensity lighting, variability, etc.
Optimizing these benefits is one goal of the lighting designer
which can be facilitated by being able to measure and
evaluate information about operational status of LEDs and
associated circuits. Sensing current applied vs. voltage
applied can provide information about the operating condi-
tions of the string of LEDs, average state of individual
LEDs, and state of the associated drive/control circuit. This
information can include the average operating temperature
of a string of LEDs. It can also include information about
whether one or more LEDs have shorted in the string, and
whether more LEDs are likely to fail. As a result, direct
operating parameters can be intelligently controlled. This
could enhance the ability to control LEDs for short term life
and long term effectiveness, as well as limit the maximum
temperature experienced by LEDs in operation, prevent
short term (catastrophic) failure caused by thermal stress,
increase LED useful life by limiting cumulative damage
from overheating, allow control strategies which balance
LED life vs. light delivered, and provide other useful
benefits.

Additionally, reading in situ condition of LEDs in order to
determine other factors is desirable for several additional
reasons other than managing junction temperature. For
example, it can help prevent or manage LED lighting failure
modes. LEDs installed in fixtures are typically connected in
series (strings) which may be controlled by a single driver
per string, or two or more strings may be connected in
parallel. LED drivers are typically of the ‘current supply’
type where a given current is supplied to the LEDs by
adjusting voltage up or down within the limits of the driver.
Failure of one or more LEDs by ‘shorting’ will reduce
dynamic resistance of the string. This can lead to a ‘cascad-
ing failure’ where, for instance, the driver is unable to adjust
voltage quickly enough to prevent overcurrent, which can in
turn cause failure of additional LEDs. Therefore, the ability
to sense or predict cascading failures and to reduce, limit, or
eliminate their effects is highly desirable. LEDs exhibit
particular characteristics in relation to junction temperature.
Or for circuits equipped with an overload protection device,
information about the status of the device may be derived.

As will become apparent, measuring LED junction tem-
perature can be accomplished by reading voltage and current
supplied to strings of LEDs and comparing values over time
with a known model. The result is a practical way to measure
LED junction temperature. This likewise provides to method
to control or limit junction temperature during use and also
provides other useful methods for controlling LED opera-
tion.

Temperature Modeling Using LED Voltage vs. Current

It is well known that the forward voltage for an LED
changes with reference to a given current value as the
junction temperature changes. Thus forward voltage vs.
current applied to an LED can model junction temperature
of the LED.

It may be seen then that for a string of LEDs connected
in series, given a specific current through the string, the
magnitude of the forward voltage across the string will also
change relative to the temperature of each LED junction.
Given a fixture having good thermal coupling of each LED
to the fixture, such that the temperature variation between
various points across the fixture is very small, the variation
between each LED junction temperature will likewise be
small. This implies that forward voltage vs. current for a
string of LEDs may be used to model the “average” junction
temperatures of the string of LEDs.
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For this to be practical, some assumptions apply: (1) LED
forward voltage (rather than other resistance factors) must
be the predominant factor determining circuit voltage; (2)
the LED current source or “driver” (power supply) must be
able to control current through the LED string as the
dynamic resistance of the LEDs and other circuit variables
change. This may easily be accomplished by using a “cur-
rent controlled driver” of a type that is commercially avail-
able, however other driver schemes, including pulse width
modulation (PWM), pulse amplitude modulation (PAM),
etc. are possible and included within the scope of embodi-
ments of the invention as envisioned. In the case of a
“current-controlled” power source, the driver will typically
apply (within limits) whatever voltage is required to main-
tain a selected current value to the LED or string of LEDs.
This means that if conditions change in the circuit, such as
LED junction temperature changing, resulting in a changed
dynamic resistance, the driver will dynamically vary the
voltage up or down in order to maintain the selected current
value. An example of such a system is shown in FIG. 1
which includes AC power source 105, driver 110, LED
supply wiring 197, and LED fixture 140 which comprises
series connected LEDs. (Note: one or more additional driv-
ers 110a may also be used.)

However, somewhat in contrast to the idealized “average”
model for LED strings, as a result of manufacturing pro-
cesses, commercially available LEDs typically have some
variation in forward voltage vs. current characteristics
(sometimes described as the “LLED dynamic resistance” or
forward conducting resistance). Variations in LED dynamic
resistance as well as variations in interconnecting resistances
can result in different strings of LEDs having significant
differences in total forward voltage characteristics. This
variation may be of a greater magnitude than the variation
exhibited on a given single string over time. It may also be
greater than the variation on a given single string as a result
of changing junction temperatures. Therefore, individual
strings must be characterized and the results included in
operational parameters for a system which attempts to
closely monitor and control LED junction temperature. Thus
a calibration procedure can be used in order to obtain the
forward voltage versus current characteristics for each fix-
ture. This calibration procedure might be accomplished at
the final assembly of the fixture in the factory or at some
other convenient time.

General Application of Temperature Modeling

Some embodiments according to aspects of the invention
use an electronic circuit 100, and subcircuits 150/150a, FIG.
2, to control the driver 110 (including any additional drivers
1104a) which supplies current to an array or fixture 140 of
high brightness LEDs. This control may be as a function of
the LED Junction Temperature, which is sensed using the
LED operating voltage and current values measured by the
controller. Some embodiments according to aspects of the
invention analyze the signal driving the LED string, without
adding additional electronics to the LED fixture, and without
adding any additional communication system between the
fixture and the controller or any wiring to the fixture other
than what is needed to power the LEDs. This may also
provide additional benefits if it is desirable to mount the
controller remotely from the fixture by reducing cost and
difficulties related to additional wiring and procedures that
would otherwise be needed.

Embodiments according to aspects of the invention can
include a temperature sensor function for the LED fixture
(i.e. the total LED forward voltage of the fixture), a micro-
controller 170 that stores a model of characteristics for the
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assigned fixture, such as a forward voltage vs. current vs.
temperature characteristic for the assigned fixture, and a
means 150 for controlling the LED current magnitude
according to the sensed temperature.

Among others, one use of an embodiment according to
aspects of the invention is to control the LED current in such
a manner as to maintain LED longevity goals when the LED
junction temperature approaches operational limits.

Some embodiments according to aspects of the invention
contain controller circuitry, which could contain the hard-
ware circuits and software algorithms needed to calculate
the LED junction temperature, to provide a current vs.
temperature calibration of the fixture during fixture produc-
tion, and to modify or control the current supplied to the
LED fixture as needed by the sensed temperature. An
embodiment according to aspects of the proposed system is
shown in the attached figures.

Some embodiments according to aspects of the invention
can monitor LED failures by monitoring the measured
voltage that is applied to the LED fixture. Because the LEDs
are connected in series, and the source to the LED fixture is
a current controlled source, the applied voltage will change
in large magnitude steps (i.e. on the order of one or more
LED voltage drops) when a short circuit LED failure occurs.
The step voltage change for a shorted LED can be included
in the calibration data for the fixture. A number of shorted
LEDs will be reflected by an integer multiple of the shorted
LED voltage step change. Similarly, a step voltage change
for an open LED sub-string, when an open LED protection
circuit (OLPC) is incorporated with the fixture and becomes
activated, can be used to determine the number of activated
OLPCs from the fixture voltage measurement data. (An
OLPC provides a means to bypass a substring of LEDs
within a single string of LEDs controlled by a driver,
resulting in a reduced forward voltage across the OLPC in
comparison to the substring of LEDs which the OLPC
bypasses). Additional discussion of OLPC can be found at
US 2011/0006689 Al, now issued as U.S. Pat. No. 8,531,
115, incorporated by reference in its entirety herein.

An object according to aspects of the present invention
can be to preserve the illumination reliability at high ambi-
ent and operating temperatures of the fixture. Further objects
may include:

a) optimizing the number of series connected LEDs in a

fixture.

b) optimizing the size of the LED fixture power handling

capabilities for maximum light output.

¢) accurately measuring the LED junction temperatures.

d) providing temperature versus voltage calibration for

the LED fixture.

e) controlling the LED fixture current to control the LED

junction temperature.

f) correcting the voltage versus temperature calibration

for distance between the LED fixture and the controller.

g) determining the number of open LED sub-strings or

OLPCs.

h) determining the number of shorted LEDs in the fixture.
Operation

Embodiments according to aspects of the invention can
function according to the block diagram 500 of FIG. 3, using
apparatus according to FIG. 2 or other embodiments.

In this embodiment, control begins at “start” 510. Fixture
current is measured, 515. Appropriate “current curve” is
chosen, 520. Corresponding resistance vs. temperature curve
curve is used, 525. Based on curves, resistance magnitude is
inferred from current and voltage, 530. I°R value is derived
from inferred resistance, which implies temperature rise at
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junction, with consideration for the number of LEDs in the
string, 535. Expected voltage and voltage change is calcu-
lated, 540. If voltage change over time exceeds a predeter-
mined limit, 545, or if voltage is not between predetermined
low and high limits, 555, current to fixture is reduced, 570,
and the process repeated. If steps 545 and 555 are within
limits, measured voltage is compared to the fixture “model”
which was previously characterized, 560 and 575. If calcu-
lated voltage is less than measured voltage, 580, the process
returns to step 525 to select a different resistance vs.
temperature curve. Once the process yields a calculated
voltage equal to measured voltage, 565, a validated junction
temperature is reported 585 for further evaluation for control
purposes. The thermal measurement process then continues
to repeat.

The “current curve” (520, FIG. 3) is illustrated in FIG. 4,
which exemplifies measured voltage vs. current curves for a
string of LEDs at various temperatures. The “resistance vs
temperature curve” (525, FIG. 3) is illustrated in FIG. 6,
which exemplifies resistance in Ohms vs. voltage based on
the table of FIG. 5, which in turn is derived from the
information in FIG. 4 (or similar experimental data).

FIG. 7 also models temperature vs. voltage vs. current for
a single LED as determined experimentally. It should be
noted that the temperature coefficient for a given LED
cannot be simply stated as a single value, since it varies with
applied current and voltage. This helps to illustrate the
necessity of performing complex and iterative calculations
in order determine LED junction temperature, as well as
some possible benefits of embodiments according to aspects
of the invention.

Controller Program
Part of the apparatus, method, and system includes algo-

rithms necessary to change or control the operation of LED

fixtures; as discussed below.

Program Parameter Data—Defined by Fixture Design

1. Fixture Thermal Resistance, Rsink-Amb. This is the
thermal resistance of the complete thermal circuit from
the LED heat sink to the ambient air.

2. LED Voltage Temperature Coefficient, VIC. This is the
change in LED forward voltage vs. current over a given
temperature range.

3. LED Voltage versus Current Values over range of oper-
ating current. This is illustrated in FIG. 4.

4. Number of LEDs in Series String, n.

5. Number of OLPC’s (if any) used in LED Series String.

6. The nominal wire resistance, RW, of the interconnecting
power lines to the array.

Note that some of the above data may require empirically

measuring the devices used in the prototype design.

Calibration Measurements on Specific Fixture:

1. Measure current Ambient Temperature, TAmb. Device
should be stable in the current environment.

2. Measure resistance, RW, of wire 197, FIG. 2, between
power supply controller 110 (and any additional drivers
1104) and the LED Fixture 140.

3. Save TAmb and Rw at the time measurements are made.

4. Measure Series String Voltage, VArrayLow, at the lowest

Current, ILow—Used to determine the average threshold
voltage, VthLED, for the Series String. Use low duty
cycle pulse current measurement to prevent junction
temperature rise.

. Save the values of VArraylL.ow and ILow.

6. Measure Series String Voltage, VArrayHi, at the maxi-
mum operating Current, Imax—Determines String total
dynamic resistance, Rd. Use pulse current measurement
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to prevent junction temperature rise. Current pulse should
have fast rise time to avoid junction temperature rise.
7. Calculate Dynamic Resistance, Rd;

Varaytti = VarrayLow

Ry =
lmax — low)

8. Calculate average threshold voltage, VthLED;

VarayLow = Ruliow = Ralrow = Vro(Tamp — 25° C.)

n

VinLED =

9. Save the calculated value for Rd and VthLED. These are
average values for the actual series connected LEDs on
the fixture 140. These values are to be used to scale the
magnitudes of the nominal LED data table stored in the
Microprocessor.

Installation Adjustments:

1. Determine the size wire 197 used in the installation.

2. Determine the length wire 197 used in the installation.

3. Calculate the total wire resistance, RW, between the
controller board and the LED fixture, using wire tables.
The wire resistance specified in tables should be given in
Ohms/1000 ft. Then the wire resistance can be calculated
using the formula

Ry~2L€/1000

Where L=the distance between the controller and the
fixture;

€2/1000=the resistance per 1000 ft. of wire for the wire
gauge used.

The multiplier of 2 accounts for the distance out and the
return distance for the wire connecting the fixture to the
controller.

Alternative methods for calculating wire resistance may also
be used. For example, wire resistance may be measured if
sufficiently accurate instruments are available on-site.

4. Save the parameter value of RW calculated in step 3 in the
program.

Obtaining Equation for Voltage vs. Temperature:

The embodiment uses Current and Voltage measurements
(measured at 120 and 130, respectively, FIG. 2) of the
remote Series LED array 140 to adjust the values of the
nominal LED parameters that are stored in the micro-
controller 170 program. (In the case of multiple drivers
110a, current will additionally be measure at one or more
additional points 120a.) The voltage versus temperature
equation for the series array is given by:

n

Virray = Z [Vinen, + Rayliep + Vi, (T — Trep)] + Rwiiep
pa}

Where Vth.LED=the threshold voltage of the array LED

Rd=the dynamic resistance of the array LED

VTC=the temperature coefficient for the LED

Tj=the LED junction temperature.

TREF=The reference temperature for the parameters or

25° C.

Processing Equations:

The processing equations that will provide the tempera-
ture information will require some calculations to extract the
temperature information. The stored nominal array LED
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values will be used to extract the operating junction tem-
perature from the measured voltage. The algorithm is
described by the following equations applied to the mea-
sured Array Voltage and is shown by the hardware configu-
ration shown in FIG. 2.

The voltage divider furnishes the voltage, VA (which has
a magnitude of V2 of a the voltage across a single LED in the
array), to a summing node 135 as shown in FIG. 2.

Rwliep
2n

_ Varay  Vaiep,,, +Ray,, ep + Ve, (Tj = Trer)l

AT Ton 2

The voltage, VB, of FIG. 2 is furnished by Digital-to-
Analog converter 185, and is used to compute the nominal
LED temperature independent operating voltage for the
LED. VB is derived from the internal stored calibration
parameters for VthLED, Rd, and RW along with the mea-
sured current ILED (which is furnished to Micro-Controller
170 by Analog-to-Digital converter 180) as follows:

Viurep 4, + Ray,, ILED

N Rwliep
5= 2

2n

Subtracting VB from VA gives the result, VC, that is
proportional to the junction temperature offset from the
reference temperature.

Vre
Ve=Vi-Vp= %(Tj — Trer)

The gain, G, of the operational amplifier 195 in FIG. 2 is
scaled to provide a voltage range that optimizes the sensi-
tivity and resolution of the Analog-to-Digital converter 190.
The value for G and the voltage VD is given in the following
equations.

2
o= k( ];
VI e

Vp = k(T; — Trer)-

Implementation

The described algorithm can be implemented with either
analog parts external to the microcontroller, as shown in
FIG. 2, or can be implemented within the micro-controller
170. The voltage, VD is equal to the average instantaneous
voltage across each LED in the string. It can now be used to
set the LED fixture current values as operating junction
temperature limits are approached (output from Micro-
Controller 170 is supplied through Digital-to-Analog con-
verter 160 to Current Control 150/150a).

For some fixtures 140 there may be several independent
series strings of LEDs that have independent current control.
Each string will need to be measured independently and will
result in a number independent voltages, VD1, where 1 is a
number identifying the independent strings of the fixture.
Each string current could be controlled independently, or the
average of all the string values for VD1 could be used as a
master value to set all the LED string currents to the same
value. The choice would be dictated by the objectives of the
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fixture design and will be influenced by any temperature
variation that may exist across the fixture.
Use in Conjunction with OLPC:

The temperature measurement and control algorithm may
also be used for fixtures that employ Open LED Protection
Circuits (OLPC). In the event of an open LED, the OLPC
will cause a significant shift of the LED Array voltage. The
voltage shift is significantly greater, particularly over a short
period of time, than the voltage change due to temperature.
Consequently, the magnitude shift threshold can be imple-
mented in the controller program to determine an activated
OLPC and how many OLPC activations have occurred.
Likewise, in the event of one or more shorted LEDs, the
LED Array voltage will shift in proportion to the number of
shorted LEDs. This shift will also be significantly greater
than the voltage change due to temperature, but significantly
smaller than the voltage change due to OLPC activation
across a multiple LED substring.

By storing the number of OLPC activations or LED
shorted failures, the voltage divider can be re-scaled to
accommodate the shift in the Array measured voltage. This
is indicated by the line connecting the micro-controller to
the voltage divider shown in FIG. 2. Implementing OLPC
operation or compensating for LED shorted failure would
also require adaptive modification of the equations used to
separate the temperature information from the array voltage,
and modification of the temperature scaling to include the
temperature effects of the OLPC or shorted LED. The OLPC
or LED short failure temperature correction information can
be included in the stored information for the micro-control-
ler. Additionally, diagnostic information concerning the sta-
tus of the fixture LED array is available through the moni-
toring of the Fixture Array Voltage.

The controller program can also monitor magnitude of
voltage change, or rate of voltage change, over time. Voltage
change due to component failure, such as shorted LEDs or
activation of an OLPC circuit will occur over a very short
time period, in the range of milli- or micro-seconds, whereas
voltage change due to temperature change will typically take
place over seconds, minutes, or hours. The program can take
this into account in order to provide more appropriate
control. One example of the benefit of rapidly differentiating
between failure-induced voltage change is changing control
strategy very rapidly in order to reduce the likelihood of a
cascading failure of LEDs due to instantaneous overcurrent
caused by a single LED shorting.

Embodiment One

An embodiment according to aspects of the invention
comprises a printed circuit board “controller” with attached
components as illustrated in FIGS. 8 and 9. The controller
includes four separate I/O channels for four separate fixtures
or strings of LEDs using four separate current drivers.

Current and control channels are input at connectors 1-4,
FIG. 8, from separate LED controllers such as the LED
Driver Model TRC-100S105DT available from Thomas
Research Products (11548 Smith Drive, Huntley, I1l. 60142).
Current to LED fixtures or strings is output at connectors
5-8. Optional 12V input may be supplied at connector 9 and
10. AC current is input at connector 11. A temperature
monitor 20 is provided to supply information that may be
desired about temperature of the controller and external
temperatures such as ambient temperature. Temperature
sensors may be connected to the controller board via con-
nectors 15, FIG. 8. Communications links are provided at
connectors 12-13, FIG. 8. Buttons 19, FIG. 9 allow user
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control of some on board functions. A controller IC 16
manages operation of the controller, and may be repro-
grammed using the provided interfaces. Flash ROM 17 is
included to store data, thermal LED models, and static
variables. LEDs 18 indicate system status and provide user
feedback when operating the control buttons.
Options and Alternatives

Further improvements or refinements of the basic appa-
ratus, method, and system described herein are envisioned.
These of refinement could include increasing the accuracy of
the algorithms based on further testing, providing for dif-
ferent responses to sensed current vs. voltage in LED
operation, refining hardware through improving accuracy,
and reducing costs, etc. Changes in LEDs used in the LED
arrays could also necessitate new or revised thermal models
or algorithms.

What is claimed is:

1. A method of operating series-connected solid state light
sources powered by a power source capable of adjusting
current applied to the series-connected lights comprising:

a. instructing the power source to alter current to the
series-connected lights based on:

i. comparing light source current and voltage to a
reference;

ii. the reference based on a previous characterization of
the voltage versus current versus temperature of the
light sources;

b. wherein instructing the power source to alter current is
based on deriving temperature of the solid state light
sources,

c. wherein the step of deriving temperature of the solid
state light sources is based on current and voltage of the
light sources measured at a point in the power line
wires between the light sources and the driver or power
supply;

d. wherein the measurement of voltage comprises total
light source voltage for the series-connected light
source/driver or power supply circuit; and

e. wherein the total light source voltage is processed by:
i. dividing the voltage measurement by 2n, where n is

the number of light sources in the series-connected
circuit, to present a voltage value of %2 of the
series-connected light sources;

ii. summing the voltage-divided value with a pre-
determined calibration value to compute a nominal
light source temperature-independent operating volt-
age value, to present a voltage value which is pro-
portional to a junction temperature offset from a
reference temperature;

iii. amplifying the voltage value according to a pre-
determined gain;

iv. utilizing the resultant amplified voltage value to set
light source current values in the step of instructing
the current-controlled driver or power source opera-
tion as operating junction temperature limits are
approached.

2. The method of claim 1 wherein the temperature of the
solid state light sources is the junction temperature.

3. The method of claim 1 wherein the temperature of the
solid state light sources is the solder point temperature.

4. The method of claim 1 wherein the temperature of the
solid state light sources is the heat sink temperature of the
solid state light source.

5. The method of claim 1 wherein the power source
comprises a plurality of individual drivers connected in
parallel with the solid state light sources.
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6. The method of claim 5 where the voltage of the
plurality of the individual drivers is measured across the
combined power sources, and where the current of the
individual power sources is measured and adjusted accord-
ing to each individual power source.

7. The method of claim 1 wherein the point is closer to the
driver or power supply than the light sources.

8. The method of claim 1 wherein the measurement of
current is of all light sources in the series-connected light
source/driver or power supply circuit.

9. The method of claim 1 wherein the series-connected
light sources are housed in a light fixture.

10. The method of claim 1 wherein the series-connected
light sources comprises plural sub-sets of series-connected
light sources.

11. The method of claim 1 further comprising detecting an
open or shorted circuit related to any light source by
monitoring light source voltage for a change that exceeds a
pre-determined predicted normal amount for the series-
connected light because of:

a. a failure of a light source; or

b. activation of an open LED protection circuit.

12. The method of claim 11 further comprising controlling
power supply to mitigate additional light source failure.

13. The method of claim 1 wherein the solid state light
sources comprise LEDs in a lighting fixture adapted for
illumination of a target area.

14. The method of claim 1 to:

a. adjustably control lumen output of the light sources;

b. to maintain relatively constant lumen output of the light
sources;

c. to compensate for lumen depreciation of the light
sources;

d. to vary drive current to the light sources;

e. to save energy at least for a portion of light source
operating time; or

f. to compensate for ambient temperature.

15. A method of operating a circuit of series-connected
solid state light sources powered by a driver or power supply
capable of controlling current applied to the light source,
comprising:

a. monitoring voltage vs. current for the light sources;

b. providing a voltage vs. current calibration at production
of the circuit;

c. modifying current to the light sources during operation
as a function of monitored voltage vs. current;

d. calculating an estimation of junction temperature of the
light sources based on the voltage vs. current calibra-
tion at production of the circuit;

e. providing a current vs. junction temperature calibration
at production of the circuit;

f. modifying current to the light sources as a function of
calculated junction temperature;

g. wherein the step of calculating an estimation of junc-
tion temperature comprises:

i. measuring fixture current;

ii. choosing an appropriate current curve from curves
which have been previously characterized for a given
solid state light source or string of solid state light
sources;

iii. selecting a portion of the current curve which
provides incremental characterization of resistance
vs. temperature;

iv. deriving expected resistance magnitude from a resis-
tance or voltage vs. temperature curve;
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v. deriving an I2R value and therefore an implied
temperature rise at the solid state light source junc-
tion due to power dissipation;
vi. characterizing said I2R value with regard to number
of light sources in a string;
vii. calculating expected voltage based on current and
temperature;
viil. comparing expected voltage to actual voltage and
either
1. proceeding to controlling current if calculated vs.
actual voltage are sufficiently close to have accu-
rately characterized junction temperature or

2. iteratively repeating the process by selecting a
different current curve until calculated vs. actual
voltage are sufficiently close to have accurately
characterized junction temperature.

16. The method of claim 15 comprising monitoring
elapsed and/or total cumulative time of operation of the light
source.

17. The method of claim 15 wherein the step of calcu-
lating an estimation of junction temperature utilizes mea-
surements of light source current and voltage in relation to
pre-determined references.

18. The method of claim 15 wherein current to fixture is
reduced if it exceeds a pre-selected operating value.

19. The method of claim 15 wherein an estimation of
junction temperature that is sufficiently accurate is reported
for operational use.

20. The method of claim 15 wherein the calibration is in
reference to one or more of:
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a. a parameter of the light sources or circuit;

b. a parameter independent of the light sources or circuit.

21. The method of claim 20 wherein the parameter
independent of the light sources or circuit comprises ambi-
ent temperature.

22. The method of claim 15 wherein the step of modifying
current comprises:

a. maintaining light source longevity when light sources
are operated in a manner which approaches operational
limits;

b. optimizing light source operation in a variety of oper-
ating conditions;

compensating for an operational or environmental condi-
tion.

23. The method of claim 15 wherein the steps are per-
formed without the addition of components between the
driver/power supply and light sources.

24. The method of claim 15 wherein the calibration is
utilized in determining the amount of modification of the
current, if any.

25. The method of claim 15 wherein the calibration is
based on pre-determined criteria that can be stored in the
circuit.

26. The method of claim 25 wherein the calibration can be
adjusted or changed based on the light sources, the circuit,
intended use of the circuit, or other factors.

27. The method of claim 15 wherein the light sources are
coordinated in a light fixture for illumination.
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